During Drosophila embryogenesis, the homeobox gene tinman is expressed in the dorsal mesoderm where it functions in the specification of precursor cells of the heart, visceral, and dorsal body wall muscles. The GATA factor gene pannier is similarly expressed in the dorsal-most part of the mesoderm where it is required for the formation of the cardial cell lineage. Despite these overlapping expression and functional properties, potential genetic and molecular interactions between the two genes remain largely unexplored. Here, we show that pannier is a direct transcriptional target of Tinman in the heart-forming region. The resulting coexpression of the two factors allows them to function combinatorially in the regulation of cardiac gene expression, and a physical interaction of the proteins has been demonstrated in cultured cells. We also define functional domains of Tinman and Pannier that are required for their synergistic activation of the D-mef2 differentiation gene in vivo. Together, these results provide important insights into the genetic mechanisms controlling heart formation in the Drosophila model system.
INTRODUCTION
The study of heart development in Drosophila has been of significant value, not only to our fundamental understanding of organogenesis in this model system, but also through the application of genetic insights to the investigation of cardiogenesis and disease in evolutionarily advanced organisms. A prime example can be found in the homeobox gene tinman (tin) and its vertebrate NK-2 class counterparts. tin expression in the dorsal mesoderm is regulated by intercellular signaling mediated by the growth factor Decapentaplegic (Dpp) produced by adjacent ectodermal cells (Frasch, 1995; Xu et al., 1998) . tin function is required in the dorsal mesoderm for the formation of progenitors of the heart, visceral, and dorsal somatic muscles, and the mutation of this transcription factor results in an absence of these mesodermal derivatives (Azpiazu and Frasch, 1993; Bodmer, 1993) . Based on these properties, tin-related genes were cloned and characterized in vertebrate species, with several shown to be expressed in the cardiac lineage (reviewed in Harvey, 1996) . Comparable to the role of Dpp in regulating tin and promoting cardiogenesis, bone morphogenetic protein signaling induces Nkx-2.5 expression and cardiac myogenesis in the chick embryo (Schultheiss et al., 1997) . Likewise, genetic studies in the mouse and Xenopus systems have demonstrated essential functions for the Nkx-2.3 and Nkx-2.5 genes in vertebrate heart development (Lyons et al., 1995; Fu et al., 1998; Grow and Krieg, 1998; Tanaka et al., 1999) . Of medical importance, certain patients with congenital heart disease have been shown to carry dominant mutations in the human NKX2-5 gene, resulting in diverse cardiac developmental abnormalities (Schott et al., 1998; Benson et al., 1999) .
tin is expressed in the dorsal mesoderm in a broad pattern that exceeds the limits of the heart-forming region Gajewski et al., 1999) . This observation, coupled with the inability of pan-mesodermal tin expres-sion to produce ectopic heart cells , implicated the involvement of additional factors in the genesis of cardiac cells within the dorsal-most mesoderm. Based on the requirement of a GATA element for the function of a heart enhancer of the D-mef2 differentiation gene (Gajewski et al., 1998) and the demonstrated interaction of NKX2-5 with GATA4 in the regulation of cardiac gene expression in vertebrates (Durocher et al., 1997; Lee et al., 1998; Sepulveda et al., 1998) , a role was predicted for a GATA factor in fly heart development. Subsequently, the GATA gene pannier (pnr) was shown to be expressed in the heart forming region and required for cardial cell formation . The coexpression of Tin and Pnr results in a synergistic activation of cardiac gene expression and the induction of an apparent cardioblast fate in both mesodermal and nonmesodermal cell types. Together, these results provide evidence that the two cardiogenic factors work together to program cells into the cardiac lineage. Additionally, the forced expression of either Pnr or mouse GATA4 throughout the Drosophila mesoderm results in supernumerary cardial cells, demonstrating an evolutionarily conserved function between the two GATA genes in heart development.
A further complexity in the genetic control of Drosophila cardiogenesis was found in the analysis of the gene encoding the multitype zinc finger protein U-shaped (Ush). This regulator was previously shown to be an antagonist of Pnr function in neuronal precursor cell determination, altering the properties of the GATA factor from a transcriptional activator to a repressor in cells where the two are coexpressed (Haenlin et al., 1997; Garcia-Garcia et al., 1999) . Similarly, in the dorsal mesoderm, Ush controls cardial cell specification through its modulation of Pnr transcriptional activity (Fossett et al., 2000) . A loss of ush function results in an overproduction of cardial cells, while a gain of function leads to a reduction of cardioblasts, phenotypes that are directly opposite to those seen with pnr. The structurally related Friend of GATA-2 (FOG-2) protein is expressed during heart formation in the mouse and likewise functions as a modulator of GATA4 transcriptional activity in cultured cells (Lu et al., 1999; Svensson et al., 1999; Tevosian et al., 1999) . The recent analysis of targeted gene mutations have demonstrated a vital function for FOG-2 in heart development as mutants display morphogenetic abnormalities and an absence of the coronary vasculature (Svensson et al., 2000b; Tevosian et al., 2000) . Additional evidence that Ush and FOG-2 share functional properties is provided by the depletion of heart cells in Drosophila embryos expressing FOG-2 in the mesoderm (N. Fossett, K. Gajewski, S. Tevosian, S. Orkin, and R. Schulz, unpublished results) .
While substantial data exist on the functions of individual genes in the specification of the cardiac lineage in Drosophila, less is known about genetic and molecular interactions between these early-acting cardiogenic factors. In this report, we investigate the regulation of the pnr gene and the functional interactions of the GATA protein with Tin. Our results show that pnr is a direct target of Tin transcriptional activation during heart formation. Additionally, we identify regions of the two proteins that are essential for their combinatorial regulation of cardiac gene expression. These findings contribute needed information to our understanding of the genetic pathways controlling heart development in Drosophila.
MATERIALS AND METHODS

In Vitro DNA Binding Assays
Electrophoretic mobility shift and DNase I protection assays were performed as described in Lee et al. (1997) . To prepare probes, equimolar amounts of single-strand oligonucleotides were annealed and end-labeled with T4 kinase. The sequence of the oligonucleotides used for the gel shift assays were as follows. Wild-type probes: pnrA, 5Ј-CCTCGGTTCTCAAGTGCGGAC-CTG-3Ј; pnrB, 5Ј-CAGGTCCGCACTTGAGAACCGAGG-3Ј. Mutant probes: pnrAm, 5Ј-CCTCGGTTCTgAAGTcCGGACCTG-3Ј; pnrBm, 5Ј-CAGGTCCGgACTTcAGAACCGAGG-3Ј. The mutated nucleotides are in lower case. For the competitive gel-shift assays, a 100-fold molar excess of unlabeled DNA was used. For the footprinting assay, the pnr enhancer DNA was digested with HindIII (plus strand labeling) or XbaI (minus strand labeling), and the linearized DNAs were dephosphorylated with alkaline phosphatase. These DNAs were then digested with XbaI (plus strand) or HindIII (minus strand), eluted from a gel, and end-labeled with T4 kinase. Binding reactions were undertaken with increasing amounts (0.2, 0.4, and 0.6 g) of GST-NK4 protein and labeled DNA (12.5 fmol) in 20 l of binding buffer. After incubation for 15 min at room temperature, CaCl 2 (final 0.5 mM) and DNase I (0.1 unit) were added to the binding mixture. The DNase I digestions were stopped after 1 min incubation by adding stop buffer followed by analysis via denaturing polyacrylamide gel electrophoresis.
Expression Analyses of pnr Enhancer-lacZ Fusion Genes
Transformant strains expressing the 457-bp pnr dorsal mesoderm enhancer-lacZ fusion gene have been described . To monitor enhancer activity in a tin gain of function background, pnr-lacZ males were crossed to UAS-tin virgins , and the resulting heterozygous males were mated to twi-Gal4 virgins (Baylies and Bate, 1996) . To assay pnr-lacZ expression in tin loss of function embryos, males were crossed to tin 346 /TM3, Sb virgins, and animals lacking the balancer chromosome were obtained. Embryos were collected from the mating of these flies and immunostained for both ␤-galactosidase and Tin, with homozygous embryos identified by the absence of Tin protein. tin 346 has been classified as a null allele of the gene (Azpiazu and Frasch, 1993) . Mutations were introduced into the Tin-binding sites in the pnr enhancer using the QuickChange Site-Directed Mutagenesis Kit from Stratagene (La Jolla, CA). Primers used were as follows: mutTin1, 5Ј-CCTACCGTTCTCCGGTCTgtAGacCGGACCTGCCTCGAT-TTCCC-3Ј and 5Ј-GGGAAATCGAGGCAGGTCCGgtCTacA-GACCGGAGAACGGTAGG-3Ј; mutTin2, 5Ј-CCTGCCTCGATTTCCCGGCTgtAGacCGCGGGACATCATTTTTC-3Ј and 5Ј-GAAAAATGATGTCCCGCGgtCTacAGCCGGGAAATCGA-GGCAGG-3Ј. Lower case letters correspond to the introduced base changes. The processing and antibody staining of whole-mount embryos, and the generation of embryo sections, was as described in Gajewski et al. (1999) .
Colocalization of Tin and Pnr in Cultured Cells
CV-1 cells were cotransfected with GFP-and Myc-tagged Tin and Pnr expression vectors (1 g per transfection) . For the colocalization analysis, cells were stained with DAPI, fixed 36 h after transfection, and subjected to immunohistochemistry using an anti-Myc antibody (Invitrogen, San Diego, CA). Signals were detected by confocal microscopy and analyzed as described in Kim et al. (1999) . For coimmunoprecipitation experiments, nuclear extracts were prepared and subjected to immunoprecipitation with anti-Myc antibody followed by Western blot with anti-GFP antibody (Clontech, Palo Alto, CA) as described previously (Choi et al., 1999a) .
Generation of tin and pnr Gene Mutants
For the production of the various UAS-Tin and UAS-Pnr constructs used in this study, cDNAs encoding either full-length or mutant forms of Tin (Choi et al., 1999b) or Pnr (Winick et al., 1993) were introduced into the P element vector pUAST (Brand and Perrimon, 1993) . Transgenic lines harboring the UAS-cDNAs were established by using standard procedures as described in Gajewski et al. (1997) .
To generate Tin(N351Q), a NotI-ApaI DNA fragment from pCMV-NK4 N351Q was inserted into the NotI and ApaI sites of pUAST. The construction of Tin(1-35, 46 -416) involved a multistep procedure. A 203-bp DNA fragment corresponding to the 5Ј-nontranslated region through amino acid 35 was amplified by PCR with primer NK453 and primer LEE, 5Ј-CTGGAATTCATCCGCGTTCGTCAGGCT-3Ј. The DNA was codigested with EcoRI and SalI and subcloned into the corresponding sites of pKSII-A12, which contains the sequence encoding Tin amino acids 46 through 416. The resulting internally deleted DNA was then cloned into the NotI site of pUAST. For the construction of Tin(111-416), Tin(152-416), , , tin cDNAs were generated by PCR amplification with specific primers corresponding to the indicated amino acid residues. The primers included NK4 -110 3-5, 5Ј-GATCCATGGATGTGGTGGCGCCATCGTC-3Ј and NK4 -110 5-3, 5Ј-GATCCATGGTCGTCGTCCCTATCGCCACTC-3Ј; NK4 -151, 5Ј-GATCCATGGTCCAGCACTCCGCCTCGGCCTAC-3Ј; NK4 -191, 5Ј-GATCCATGGGTGGAGCCACGCCCTCGGCG-3Ј; NK4 -231, 5Ј-GATCCATGGCGACGCAGAAGCTGTGCGT-CAAT-3Ј; NK4 -271, 5Ј-GATCCATGGTGACCTCCTCGCGTTC-CGAG-3Ј ; NK4-term, 5Ј -GATTCTAGACTACATGTG-CTGCATCTGTTG-3Ј. The 5Ј-nontranslated region of Tin was also amplified with primers NK453NotI, 5Ј-GATGCGGCCGCA-ATTCAAGTGTCGCAA-3Ј and NK4 ATG, 5Ј-GATCA-CCATGGCTCGCTGCGTGATCACTTG-3Ј. The coding region DNAs were digested with NcoI and XbaI, while the 5Ј noncoding DNA was digested with NotI and NcoI, followed by the cloning of the resulting DNAs into the NotI and XbaI sites of the pUAST vector. Immunostaining of embryos expressing the various UAS-tin constructs with a Tin antibody (Jagla et al., 1997) showed that all mutant proteins were stably expressed and detectable in the transgenic lines used.
To generate the UAS-Pnr constructs, mutant cDNAs were generated using the QuickChange Site-Directed Mutagenesis Kit. Primers used were as follows: Pnr(E168K), 5Ј-CGAGGGACGCAAGTGCGT-CAATTG-3Ј and 5Ј-CAATTGACGCACTTGCGTCCCTCGC-3Ј; Pnr(G184R), 5Ј-GTGGCGACGGGATAGAACCGGACACTATC-3Ј and 5Ј-GATAGTGTCCGGTTCTATCCCGTCG CCAC-3Ј; Pnr(C190S), 5Ј-CACTATCTGTCCAACGCCTGCGGAC-3Ј and 5Ј-GTCCGCAGGCGTTGGACAGATAGTG-3Ј; Pnr(D242S), 5Ј-GG-AGGCGCAACAACAGTGGCGAACCCGTG-3Ј and 5Ј -CACGGGTTCGCCACTGTTGTTGCGCCTCC-3Ј; Pnr(C247S), 5Ј-GGCGAACCCGTGTCCAATGCCTGCG-3Ј and 5Ј-CGCA-G G C A T T G G A C A C G G G T T C G C C -3 Ј ; P n r ( G 4 5 7 s t o p ) , 5Ј-CGGAACCCATTGACACCATGTGACG-3Ј and 5Ј-GT-CACATGGTGTCAATGGGTTCCG-3Ј. The mutations were verified by DNA sequencing, followed by cloning into the XhoI and XbaI sites of pUAST.
GST Pull-Down Experiments
GST-Tin fusion proteins and the Pnr in vitro translation (IVT) product were generated by using methods described previously (Choi et al., 1999b) . Fusion proteins were recovered from the supernatants of sonicated BL21DE3 cells (Invitrogen) and coupled to GSH beads (Amersham Pharmacia, Piscataway, NJ) at room temperature. Beads were washed thoroughly to remove unbound protein and stored at 4°C until use. The Pnr IVT product was either used immediately upon synthesis or stored at Ϫ70°C for up to 3 days. For the pull-down reactions, the relative protein concentration of the GSH-GST-Tin constructs or GSH-GST beads were determined by using protein separation by SDS-PAGE and staining with Coomassie blue. The volume of beads was adjusted by using unbound beads so that all preparations had the same relative amount of protein in a 60-l volume. As a control, the aliquots of adjusted bead volumes were assayed again for the same relative protein concentration, using SDS-PAGE and Coomassie blue staining. A total of 60 l of GSH-GST-Tin beads or GSH-GST beads were incubated with 10 l of 35 S-methionine-labeled Pnr in binding buffer (20 mM Tris-HCl, pH 7.6, 2.5 mM MgCl 2 , 1 mM EDTA, 0.5 mM DTT, 0.15% NP-40, and 25 mg/ml BSA) for 2 h at room temperature with nutation. The beads were then washed six times with buffer (20 mM Tris-HCl, pH 8.0, and 1% NP-40) to remove unbound IVT product. The GST-Tin/Pnr complexes were eluted from the beads by resuspension in 20 l of SDS reducing buffer and heating for 5 min at 90°C. The entire volume of each reaction was loaded onto 7.5% SDS-PAGE gels. Gels were run for 40 min at 150 V, stained and dried, and exposed to a phosphor screen overnight followed by image processing with ImageQuant 5.0.
RESULTS
A pnr Dorsal Mesoderm Enhancer Is Regulated by the Tin Homeodomain Protein
Around the time of heart precursor cell specification, pnr RNA is detected in the dorsal mesoderm in cells that also express the tin gene . We have previously identified a pnr enhancer that is active in this heart-forming region and maps to a 457-bp DNA immediately upstream of the gene (Fig. 1A) . Because the enhancer contains two putative Tin recognition sites, we investigated the binding of the factor to this DNA. A GST-Tin fusion protein was used in a gel-shift assay to test its ability to bind to the Tin1 sequence TCAAGTG, a known recognition element of the homeodomain protein in mesodermal enhancers of the D-mef2, tin, and ␤3 tubulin genes (Gajewski et al., 1997; Lee et al., 1997; Xu et al., 1998; Kremser et al., 1999) . Tin can bind specifically to the Tin1 consensus but not to a mutant version of the sequence (Fig. 1B) . DNase I protection assays were also performed with the fusion protein on the pnr DNA, and two separate footprints were obtained that correspond to the Tin1 and Tin2 sequences (Fig. 1C) . These in vitro experiments demonstrate that Tin can recognize and bind to two sites within the pnr dorsal mesoderm enhancer, suggesting the regulatory DNA might be a direct target of Tin transcriptional activity.
The defined pnr enhancer functions in the dorsal-most cells of the mesoderm and in cells of the amnioserosa (Figs. 2A and 2B; Gajewski et al., 1999) . To determine whether its activity was regulated by Tin around the time of heart cell formation, we monitored the expression of a pnr enhancerlacZ fusion gene in tin gain and loss of function embryos. Initially, we used the Gal4/UAS binary system (Brand and Perrimon, 1993) to express tin throughout the mesoderm and mesectoderm under the control of the twi-Gal4 driver. We observed an expanded function of the enhancer within the mesoderm, coupled with ectopic activity in midline cells of the central nervous system (CNS) due to the forced expression of Tin (Figs. 2C and 2D) . Conversely, in tin null embryos, a complete absence of ␤-galactosidase expression was observed which demonstrated a requirement of Tin function for enhancer activity (Fig. 2H) . As a control, we detected a normal pattern of pnr-lacZ transgene expression in tin heterozygous embryos (Fig. 2G) .
The functional importance of the Tin1 and Tin2 sites within the pnr control region was assessed by individually or simultaneously mutating these sequences and testing the effects of the alterations on enhancer function. Transformant lines that contained the mutTin1, mutTin2, or mutTin1/2 pnr enhancer-lacZ transgenes showed identical patterns of a loss of expression from the dorsal mesoderm (Figs. 2E and 2F) . Thus, the presence of both Tin sites is required for the normal activity of the enhancer. The results of these mutagenesis experiments coupled with the tin gain and loss of function studies demonstrated the pnr dorsal mesoderm enhancer is directly regulated by the Tin homeodomain protein. We also note that the transformant embryos displayed ectopic ␤-galactosidase activity in the dorsal ectoderm. The inappropriate ectodermal expression of the mutated enhancers may be indicative of the existence of a repressor protein that interacts with the Tin recognition sequences in these cells (Xu et al., 1998) .
Since a single GATA sequence was also present in the pnr enhancer at a position distal to the two required Tin sites (Winick et al., 1993) , we monitored the expression of the pnr-lacZ transgene in a twi-GAL4;UAS-pnr genetic background. No ectopic expression of the reporter sequence was observed in these embryos (data not shown), suggesting that pnr enhancer activity is not subject to transcriptional autoregulation.
Colocalization and Physical Interaction of the Pnr and Tin Proteins in Cultured Cells
We have previously shown that the coexpression of Pnr and Tin in the embryo resulted in a synergistic activation of cardiac gene expression and the ectopic induction of heartlike cells . To investigate a possible physical interaction of the two proteins, we cotransfected mammalian CV-1 cells with Pnr and Tin expression vectors and monitored the cellular distribution of the factors by confocal microscopy and coimmunoprecipitation analysis. As shown in Fig. 3A , cells expressing GFP-tagged Tin and Myc-tagged Pnr exhibited colocalization of the proteins in the nucleus. Furthermore, analysis of nuclear extracts by immunoprecipitation followed by Western blot revealed that Tin was coimmunoprecipitated with Pnr (Fig. 3B, lane  6) . Conversely, Pnr was also detected in the Tin immunoprecipitate (Fig. 3B, lane 12) . These results indicate that the two proteins form a physical complex in the cultured cells, consistent with their ability to work combinatorially in the regulation of cardiac gene expression.
Identification of Tin Protein Domains Essential for Its Functional Interaction with Pnr
The D-mef2 gene is a direct transcriptional target of Tin and Pnr in cardioblasts. A defined heart enhancer for the gene contains a pair of essential Tin binding sites and a required GATA element located in close proximity to one of the Tin recognition sequences (Gajewski et al., 1997 (Gajewski et al., , 1998 . Coexpression of the two factors in CNS midline cells results in the ectopic activation of the D-mef2 enhancer normally expressed only in cardial cells ( Fig. 4B ; Gajewski et al., 1999) . This result is compatible with the nuclear colocalization and physical interaction of Tin and Pnr in cultured cells and provides an embryological assay for identifying regions of the proteins that are essential for their functional synergism. Nine deleted or point mutant versions of Tin were tested in the synergism assay (Fig. 4A) . Tin(N351Q) has a single amino acid change in the homeodomain and is unable to bind DNA (Choi et al., 1999b) . Coexpression of this mutant with wild-type Pnr fails to activate the D-mef2 enhancer (Fig. 4C) . While a competent homeodomain must be present in Tin for synergism with Pnr, this region by itself is not sufficient as it fails in the coactivation assay ( Fig. 4A; data not shown) . The TN domain is a highly conserved 12 amino acid region found in Tin and most other NK-2 class proteins (Harvey, 1996) . A 10-amino acid deletion was made within this domain to generate the Tin(1-35, 46 -416) mutant, but this altered protein was still able to function combinatorially with Pnr (Fig. 4D) . Thus, the TN domain is dispensable in the synergism assay.
A transcriptional activation domain has been mapped to the N-terminal 114 amino acids of Tin by using a cell transfection strategy (Choi et al., 1999b) . To determine whether this region was required for functional interaction with Pnr, the Tin(111-416) deletion was generated and tested. This truncated protein remained competent to synergize with Pnr in the activation of the D-mef2 enhancer, showing that the Tin transactivation domain was not required (Fig. 4E) . However, larger N-terminal deletions resulted in Tin proteins that were functionally inactive (Fig.  4A) . Specifically, removal of an additional 41 amino acids in Tin(152-416) identified residues 111 to 151 as essential for Tin synergism with Pnr (Fig. 4F) . The Tin variant that contains the transactivation domain and homeodomain, but lacks internal sequences including the required 41-amino acid region, is likewise nonfunctional in the D-mef2 enhancer coactivation assay (Fig. 4G) . Therefore, these studies identify two distinct regions of Tin needed for its combinatorial function with Pnr, an internal segment of 41 amino acids adjacent to the transactivation domain and the conserved homeodomain.
In support of this in vivo data, we delineated regions of Tin that were able to bind to the Pnr protein. Eight GST-Tin fusion proteins containing all or part of the cardiogenic factor were used in in vitro pull-down assays with 35 Slabeled full-length Pnr (Fig. 5) . The strongest interactions were observed with either wild-type Tin or truncated versions that contained the homeodomain region (Tin A1, A2, A23, and A31). Additionally, weaker but discernible binding of Tin and Pnr was observed with truncated proteins that contained the functionally defined 111 to 151 region (Tin A4, A5, and A34). These molecular results are consistent with the requirement of this internal domain for the functional synergism of Tin with Pnr in the activation of the D-mef2 cardiac enhancer in the CNS.
Identification of Pnr Protein Domains Essential for Its Functional Interaction with Tin
We also used the ectopic activation assay to determine those regions of Pnr that were essential for its functional synergism with Tin. Six deleted or point mutant forms were tested for enhancer activation in CNS midline cells (Fig.  6A) . Pnr(1-457) represents a C-terminal truncation of the GATA factor that maintains zinc fingers 1 and 2, but deletes two putative amphipathic ␣ helices. This C-terminal region has been shown to contain a transcriptional activation domain (Haenlin et al., 1997) , and the inability of the truncated protein to synergize with Tin demonstrates an essential requirement of this Pnr sequence (Fig. 6B) . Pnr(E168K) and Pnr(C190S) contain single amino acid changes in the N-terminal zinc finger that correspond to mutations found in the dominant alleles pnr D4 and pnr D3 (Ramain et al., 1993) . These mutations may affect the formation of the first zinc finger and result in proteins that heterodimerize poorly with the Ush antagonist (Haenlin et al., 1997) . However, both Pnr proteins were able to synergize with Tin and direct D-mef2 expression in the CNS (Figs. 6C and 6D ). In contrast, the mutation of a conserved cysteine residue in zinc finger 2 in Pnr(C247S) inactivated the protein in the synergism assay (Fig. 6E ). This amino acid change is likely to influence the formation of the C-terminal zinc finger and identifies this region as an essential functional domain of Pnr in the coactivation of D-mef2. It is important to note that, although Pnr(1-457) and Pnr(C247S) fail to synergize with Tin, they are competent to bind the homeodomain protein in the GST pulldown assay (data not shown). In combination, these results substantiate that intrinsic functional properties of Pannier are perturbed in the two mutant forms of the GATA factor. Previous studies have shown that mouse GATA4, but not GATA1, could work with Tin in inducing cardial cell markers when coexpressed in the midline cells . One theory for the functional difference between the vertebrate factors in the Drosophila cardiogenic assay was that certain key amino acids, present in Pnr and GATA4, were not conserved in GATA1. We generated two Pnr proteins that changed amino acids found exclusively in Pnr and GATA4 to more closely resemble the GATA1 sequence. However, the zinc finger 1 mutant Pnr(G184R) and the zinc finger 2 mutant Pnr(D242S) were both competent in the enhancer coactivation test, demonstrating that these conserved residues were not essential for Pnr functional interaction with Tin (Figs. 6F and 6G ).
DISCUSSION
Results from the current study contribute significantly to our understanding of the genetic control of cardiogenesis in Drosophila. Together with recent work from our lab and others, we can elaborate a detailed regulatory hierarchy programming cardial cell specification and diversification (Fig. 7) . The selective induction of the Tin homeodomain protein in the dorsal mesoderm is mediated by Dpp signals emanating from the dorsal ectoderm (Frasch, 1995) . This involves the binding of Dpp-activated Smad proteins, and Tin itself, to a Dpp-responsive enhancer so as to activate tin expression (Yin et al., 1997; Xu et al., 1998) . The present work demonstrates that pnr is a direct transcriptional target of Tin in cells of the heart forming region. It is noteworthy that two recent reports have likewise demonstrated the direct activation of cardiac enhancers of the chick and mouse gata6 genes by Nkx2.5 (Davis et al., 2000; Molkentin et al., 2000) . These similar findings suggest that impor- 
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Functional Interactions of Pannier and Tinman tant regulatory interactions between tin and gata class genes have been evolutionarily conserved during heart development. We also show that Pnr and Tin colocalize to the nucleus of transfected cells, where they form a physical complex. These observations are in accord with the genetic requirement of pnr and tin for heart precursor formation and the ability of the two factors to work combinatorially in the activation of cardiac gene expression and the production of ectopic cardioblast-like cells (Azpiazu and Frasch, 1993; Bodmer, 1993; Gajewski et al., 1999) . Their functional interplay, along with the negative modulatory effect of Ush on Pnr, culminates in the precise specification of the cardial cell lineage within the dorsal mesoderm (Fossett et al., 2000) .
Subsequent to specification, cardiac progenitors undergo symmetric or asymmetric cell divisions to generate nonequivalent populations of cardial cells Ward and Skeath, 2000) . These include four pairs of cells per segment of the dorsal vessel that express Tin and two pairs per segment that express the orphan steroid receptor Seven Up (Svp; Fig. 7) . A regulatory interaction exists between these transcription factor genes as one identified function of Svp in the two cell pairs is to repress the activity of tin . The resulting mutually exclusive expression of Tin and Svp leads to the activation of different sets of target genes, including the ␤3 tubulin structural gene in the four cell pair population and independent enhancers for the D-mef2 differentiation gene in either of the cell groups (Kremser et al., 1999; Gajewski et al., 2000) . This presumably confers a needed functional diversity to cardial cells within the mature heart.
Our survey of Tin and Pnr protein motifs needed in the D-mef2 coactivation assay reveals both factors require competent DNA-binding domains and at least one additional region for their synergistic interaction. The necessity of the former is not surprising as the D-mef2 control region contains clustered Tin and GATA elements that must be present for enhancer activity (Gajewski et al., 1997 (Gajewski et al., , 1998 . Also, several studies have demonstrated that the physical association of NKX2.5 and GATA4 is mediated through the homeodomain and zinc finger 2 domains (Durocher et al., 1997; Lee et al., 1998; Sepulveda et al., 1998) . Given the extensive sequence homology between the fly and mouse factors in these two regions, comparable molecular interactions would be predicted for Tin and Pnr.
An unexpected finding of our current work is that, while the C-terminal transactivation domain of Pnr is required in the combinatorial assay, the N-terminal transactivation domain of Tin is not. One could envision a mechanism wherein the presence of the single domain provided by Pnr is sufficient for the activation properties of the heterodimeric complex. Additionally, it can not be ruled out that a second transactivation domain exists in Tin that was not revealed previously in cell transfection studies (Ranganayakulu et al., 1998; Choi et al., 1999b) . Also of note is the nonrequirement of a proposed cardiogenic domain of Tin that maps to the N-terminus of the protein (Park et al., 1998; Ranganayakulu et al., 1998) . Specifically, Tin(111-416) is competent to work with Pnr in the cooperative activation of the D-mef2 heart enhancer, despite the absence of residues 1 through 42.
Instead, an internal 41-amino acid region between the Tin transactivation domain and homeodomain has emerged as a vital sequence for functional interaction with Pnr. Choi et al. (1999b) has recently assigned a repressor activity of Tin to residues 111 through 188, and it is plausible that, based on the biological assay being used, multiple functional characteristics may be uncovered within this region. In the context of Tin's synergistic interaction with Pnr in regulating a defined cardiac enhancer, association of the two through this domain may prevent Pnr from interacting with other proteins such as Ush. At the same time, because Tin has the potential to act as a transcriptional repressor that recruits Groucho via this domain (Choi et al., 1999b) , the interaction of Tin and Pnr through the essential 111 to 151 subregion may be beneficial to Tin in its role as a
FIG. 7.
Schematic of a genetic regulatory hierarchy controlling cardial cell specification and diversification during heart development in Drosophila. Arrows between genes indicate a direct or indirect transcriptional activation of a downstream locus. The merging lines between tinman and pannier represent the combinatorial function of the two genes in specifying cardioblast precursor cells. The blocked lines indicate a negative regulatory effect of one gene upon another. Boxes highlight progenitor or genetically distinct groups of heart cells. The schematic is a simplification of the total genetic complexity controlling heart formation in Drosophila and does not necessarily list all essential components of this developmental process. Abbreviations: 4 cc and 2 cc pairs, four or two pairs of cardial cells per segment of the dorsal vessel that express the Tin or Svp transcription factors and separable enhancers for the D-mef2 differentiation gene. transcriptional activator by eliminating its possible association with inhibitory cofactors. Preliminary results suggest the molecular interaction of Tin and Pnr may be due in part to the presence of this domain.
Relative to the functions of Tin and Pnr in programming the cardial cell lineage, it will be critical to decipher the complex relationship of these two cooperative factors with that of the Ush antagonist. How the association of this multitype zinc finger protein with Pnr changes the GATA factor from a transcriptional activator to a repressor remains a provocative question. Perhaps Ush recruits a repressor protein and histone deacetylase to assemble a corepressor complex. All FOG class proteins, including Ush, contain a binding motif for the transcriptional corepressor C-terminal Binding Protein (CtBP; Fox et al., 1999) . However, the importance of this heterologous protein interaction has not been firmly established due to conflicting reports on the requirement of CtBP for FOG repressor function (Fox et al., 1999; Deconinck et al., 2000; Svensson et al., 2000a) . Whether Ush interacts with CtBP or another Drosophila corepressor protein, the specification of the cardial cell lineage will likely depend on the balance between a promoting Tin-Pnr activation system and an inhibitory Ush-Pnr repressor complex within cells of the dorsal mesoderm.
